Water-quality data for nitrate, fecalindicator bacteria, pesticides, and volatile organic compounds collected in parts of Middle Tennessee and northern Alabama indicate that the Mississippian carbonate aquifer in these areas is susceptible to contamination from point and nonpoint sources. Thirty randomly located wells (predominantly domestic), two springs, and two additional publicsupply wells were sampled in the summer of 1999 as part of the U.S. Geological Survey's National Water-Quality Assessment (NAWQA) Program.
These wells and springs were sampled to characterize the occurrence and distribution of the above constituents in this karst aquifer of Mississippian age and to determine the principal environmental factors related to their occurrence.
Nitrate and fecal indicator bacteria were frequently detected at the sampled sites. Nitrate exceeded the drinking-water maximum contaminant level of 10 milligrams per liter in two samples; the median concentration for all samples was about 1.5 milligrams per liter. Correlation of nitrate concentrations to the amount of cropland near a site and to pesticide detections indicates that fertilizer application is the predominant source of nitrogen to the aquifer. Fecal-indicator bacteria were present in samples from about 40 percent of the sites. The presence of fecalindicator bacteria is weakly correlated to the depth to ground water but is not correlated to a specific land use near the sites.
Pesticides and pesticide breakdown products (metabolites) were detected at 74 percent of the sites sampled. Concentrations generally were less than 1 microgram per liter and no pesticide detections exceeded drinking-water maximum contaminant levels. The maximum total pesticide concentration measured was about 4 micrograms per liter. Intensity of pesticide use, proximity of sites to areas of pesticide application, and soil hydrologic group were the primary factors affecting the occurrence of pesticides.
Volatile organic compounds were detected at generally low concentrations at about 81 percent of the sites sampled. Concentrations of trichloroethylene, tetrachloroethylene, and 1,2-dichloropropane at three sites equalled or exceeded drinking-water maximum contaminant levels. The maximum concentration measured was 7.5 micrograms per liter of trichloroethylene. The presence of volatile organic compounds in the Mississippian carbonate aquifer was not related to hydrogeology, soil properties, or land use near the sites; although higher total volatile organic compound concentrations and greater numbers of compounds in samples generally were associated with a higher percentage of urban land use near a site. Chloroform was the most frequently detected compound, and correlation of low-level detections to the amount of wetlands near sites having these detections may indicate biogenic formation of chloroform.
The relation between land use and water quality was stronger for constituents that are contributed to the environment systematically (fertilizer and pesticide applications), than those contributed inadvertently (leaking septic tanks or chemical spills or leaks). Land use and soils characterized in circular buffer areas near sites
INTRODUCTION
The lower Tennessee River Basin (LTEN) is one of more than 50 river basins and aquifer systems in which water-quality assessments are being conducted across the Nation ( fig. 1) as part of the U.S. Geological Survey (USGS) National Water-Quality Assessment (NAWQA) Program. The purpose of these assessments is to characterize the quality of a large percentage of the freshwater resources of the Nation and to determine if the quality of water is changing over time. These goals are achieved, in part, by using consistent study designs, sampling procedures, and analytical techniques for all of the study areas across the Nation. One component of the NAWQA program is to characterize the occurrence and distribution of nutrients, pesticides, volatile organic compounds (VOCs), and trace elements in shallow ground water across the Nation.
The LTEN extends from Chattanooga, Tennessee, to near Paducah, Kentucky ( fig. 1) , and encompasses about 19,500 square miles (mi 2 ). The LTEN comprises parts of three physiographic provinces ( fig. 1 ) and a variety of geologic materials including carbonate rocks, sandstones, and unconsolidated sediments. The LTEN was subdivided into nine subunits ( fig. 1 ) that generally correspond to Level III and IV ecoregion boundaries (Griffith and others, 1997; Kingsbury and others, 1999) . These subunits represent areas of relative lithologic and geomorphic homogeneity and provide a framework in which water quality can be evaluated. NAWQA ground-water sampling networks typically consist of randomly located sites in a given subunit.
The Eastern and Western Highland Rim subunits ( fig. 1 ) are underlain by carbonate rocks of predominantly Mississippian age. Ground water in these carbonate rocks is an important drinking-water source in the Eastern Highland Rim subunit. Estimated ground-water withdrawals for public and domestic supply in the Eastern Highland Rim subunit was about 40 million gallons per day (Mgal/d) in 1995 (U.S. Geological Survey, unpublished data, 1997). About 5 Mgal/d of the total ground-water withdrawals for 1995 were for domestic use (U.S. Geological Survey, 1997) . The City of Huntsville, Alabama, is the largest ground-water user, withdrawing about 14 Mgal/d from shallow wells (maximum depth 125 feet). Ground water accounts for about 40 percent of water use for Huntsville. About 25 public water-supply systems rely on ground water in the Eastern Highland Rim subunit.
In summer 1999, 30 randomly located wells (predominantly domestic wells), two springs, and two additional public-supply wells ( fig. 2) were sampled for major and trace inorganic constituents, nutrients, dissolved organic carbon, fecal-indicator bacteria, VOCs, and pesticides to characterize the water quality in the Eastern Highland Rim subunit.
Purpose and Scope
This report describes the occurrence and distribution of nutrients, fecal-indicator bacteria, pesticides, and VOCs from 34 ground-water sites sampled in the Eastern Highland Rim subunit of the LTEN. In addition to summarizing data for these constituents, the purpose of this report is to qualitatively characterize the susceptibility of ground water in the study area to contamination by comparing these data to data collected for similar NAWQA studies across the Nation. This report also describes the effects of natural setting (site characteristics, hydrogeology, and soil properties) and human activities (land use) on ground-water quality.
Description of the Study Area
The Eastern Highland Rim subunit encompasses an area of about 3,400 mi 2 in the Interior Low Plateau Physiographic Province (Fenneman, 1938) . Landsurface altitudes range from about 500 feet above sea level near the Tennessee River to about 1,300 feet above sea level in the northern part of the subunit. The average annual precipitation is about 55 inches per year; spring (March through May) is the wettest part of the year, and late summer (August through October) is the driest part of the year. Rainfall for the 12-month period prior to this sampling (May 1998 to May 1999 was about 10 inches below normal (National Oceanic and Atmospheric Administration, written commun., 2000) . 
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Hydrogeology
Mississippian-age rocks underlie most of the Eastern Highland Rim subunit and generally are flat lying to gently dipping. These rocks are predominantly carbonates but include shaly layers as well as some sandstone. Five stratigraphic units are present in Alabama and six in Tennessee ( fig. 3 ). These units include the Bangor Limestone, Hartselle Sandstone, Monteagle Limestone, Tuscumbia Limestone, and the Fort Payne Chert. The Tuscumbia Limestone in Alabama is equivalent to the St. Louis and Warsaw Limestones in Tennessee; however, the Tuscumbia Limestone is used in this report because the majority of wells sampled in these three stratigraphic units are in Alabama. The Monteagle Limestone grades into the Pride Mountain Formation in the western part of the Eastern Highland Rim subunit and the two formations are mapped as undifferentiated in the central part of the subunit (Osborne and others, 1989) . In this report, these formations are referred to as the Monteagle Limestone because no wells were sampled in the central or western part of the subunit where the Pride Mountain Formation is present.
Regolith consisting of residual clay, clay-sized chert, and chert gravel and minor silt and sand overlies bedrock in most areas. Thickness of the regolith varies considerably, and locally it is as much as 100 feet thick. Chert gravels are common at the base of the regolith overlying the Tuscumbia Limestone and Fort Payne Chert. The Fort Payne Chert and Tuscumbia Limestone account for most of the outcrop or subcrop in the area ( fig. 2 ) and are the principal source of ground water in the subunit. The predominantly carbonate geology of the Mississippian-age formations has led to the development of karst landforms such as sinkholes, caves, disappearing streams, and springs throughout much of the subunit.
Aquifers in the Mississippian-age limestones in the Eastern Highland Rim of Middle Tennessee have been referred to as the Highland Rim aquifer system (Brahana and Bradley, 1986) . Generally, in Alabama, these aquifers are designated informally by their formation names, such as the Tuscumbia aquifer. The water-bearing units at or near land surface in the Eastern Highland Rim subunit represent a surficial aquifer and in this report are referred to as the Mississippian carbonate aquifer.
Ground water in the Mississippian carbonate aquifer flows through solution openings along bedding planes, joints, and fractures ( fig. 4) . Recharge to the aquifer is from precipitation percolating through the regolith to the underlying bedrock aquifer and from surface drainage into karst features. The regolith can store large amounts of water that move slowly downward toward conduits in the bedrock. Much of the area is under water-table conditions; however, clay layers in the regolith provide varying degrees of confinement to the underlying aquifer resulting in locally perched water tables or artesian conditions. The aquifer is underlain by the Chattanooga Shale ( fig. 3 ), a regional confining unit that limits the downward movement of water to a regional flow path. Hence, ground-water flow paths in the Mississippian carbonate aquifer typically are short, and ground water in the aquifer discharges locally to streams and springs. The Maury Formation ( fig. 3 ) is a thin green shale located at the base of the Fort Payne Chert and serves as part of the lower confining unit together with the Chattanooga Shale.
Soils overlying the Mississippian carbonate aquifer are predominantly silt loams with some cherty silt loams and clay silt loams present locally. The soils generally are slightly to strongly acidic and moderately well to well-drained. The organic matter content of the soils usually is less than 1 percent but locally may be as much as 4 percent (U.S. Department of Agriculture, 1994).
Land Use
Agriculture (pasture and cropland) is the predominant land use in the Eastern Highland Rim subunit ( fig. 5 ) and accounted for about 57 percent of the total land use in 1992. Pasture makes up about threequarters of the agricultural land, and in 1992, about 193,000 head of cattle were raised in the Eastern Highland Rim subunit. Chicken production in the Eastern Highland Rim is a growing industry, and about Modified from Brahana and Bradley, 1986 Figure 4. Conceptual model of ground-water flow in the Mississippian carbonate aquifer.
GROUND-WATER FLOW DIRECTION
EXPLANATION 11 million chickens were produced in 1992. The estimated nitrogen and phosphorus inputs from livestock and chickens in the Eastern Highland Rim subunit in 1992 were about 4.7 and 1.4 tons per square mile (tons/mi 2 ), respectively (Kingsbury and others, 1999) . Cropland represents a little more than a quarter of the agricultural land, with much of the cropland concentrated along the Tennessee River in northern Alabama ( fig. 5) . Cotton, soybeans, and corn are the principal crops grown, with a total of about 334,000 harvested acres of these crops in 1992 (Kingsbury and others, 1999) . Cotton accounted for nearly half of this harvested acreage. Nitrogen and phosphorus inputs related to fertilizer use in 1992 were estimated to be about 7 and 1.4 tons/mi 2 , respectively (Kingsbury and others, 1999 ). An estimated 1.8 million pounds of active ingredients of pesticides were applied to cropland in the Eastern Highland Rim in 1992 (Kingsbury and others, 1999) . About 2 percent of the harvested acreage in counties in the Eastern Highland Rim subunit was irrigated in 1997 (U.S. Department of Agriculture, 2000) . The sources of irrigation water include both surface and ground water.
Urban land use accounted for only 3 percent of the Eastern Highland Rim subunit in 1992. In 1995, the population was about 584,000 (U.S. Department of Commerce, 2001 ) with almost half of the population residing in Madison County, Alabama. Madison County, one of the fastest growing counties in Alabama, is the location of Huntsville, the largest city in the LTEN. Between 1980 and 1995, the population of Madison County increased by about 30 percent. As the population grows, land use is changing from agriculture to suburban development. Nitrogen and phosphorus inputs related to urban land use, such as leaking septic and sewer systems, and residential fertilizer use, were not estimated because reliable data are not available for these potential sources. Data also are not available for pesticide use in urban rights-of-way and residential areas at a local scale.
APPROACH
A network of randomly located wells was established to characterize the water quality of the Mississippian carbonate aquifer. The Eastern Highland Rim subunit was subdivided into 30 equal areas in which random locations were generated from a grid using a geographic information system (GIS)-based computer program (Scott, 1990) . Suitable wells within about a mile radius of these random locations were then located. Criteria used to select wells included availability of construction information, accessibility for measuring water levels, and a sampling point near the wellhead before any water treatment. At a few wells, existing plumbing had to be used, and samples were collected from a spigot downstream of the holding tank. In these cases, additional spigots were opened to keep the pump from cycling on and off or to minimize the frequency of pump cycling. Water temperature, specific conductance, pH, and dissolved-oxygen concentrations measured during purging stabilized indicating that holding tanks probably had minimal effects on water quality. Two additional public-supply wells and two springs also were sampled to augment the data set.
Samples were collected and processed according to NAWQA ground-water sampling protocols (Koterba and others, 1995) . Wells were purged of three casing volumes, and field water-quality properties were monitored until they stabilized prior to sampling. Wells that could not be pumped continuously without going dry were purged completely, allowed to recover to within 90 percent of the static water level, and then sampled within 24 hours. Samples for inorganic constituents and nutrients were filtered through a disposable 0.45-micron (µm) capsule filter, and cations were preserved with nitric acid. Samples for dissolved organic carbon (DOC) were filtered through a 0.7-µm silver filter, and pesticide samples were filtered through a 0.7-µm disposable glass-fiber filter. Samples collected for VOC analysis were acidified. Nutrient, DOC, pesticide, and VOC samples were kept chilled and shipped overnight to the USGS National Water-Quality Laboratory (NWQL) in Denver, Colorado. All sampling equipment was constructed of stainless steel or teflon and was cleaned with three pump-line volumes of soapy wash, a tap-water rinse, and a final rinse with deionized water. The aluminum pesticide filtration unit and tubing were rinsed with pesticide-grade methanol.
Analytical Methods
All samples were analyzed using approved USGS methods at the NWQL with the exception of fecal-indicator bacteria which were enumerated in the field using membrane filtration methods (Myers and Wilde, 1997) . Dissolved inorganic constituents were determined using atomic absorbtion, inductively coupled plasma, ion chromatography, ion-specific electrode, and colorimetric methods (Fishman and Friedman, 1989; Fishman, 1993) . Pesticides were extracted from samples by pumping a liter of filtered sample through a C-18 solid-phase extraction column and were analyzed using gas chromatography/mass spectrometer (GC/MS) and high-performance liquid chromatography/mass spectrometer (HPLC/MS). A total of 90 pesticides (appendix 1) and 14 pesticide degradation products (metabolites) were analyzed (Zaugg and others, 1995; Furlong and others, 2001 ). Reporting levels are as low as 0.001 microgram per liter (µg/L) but vary by compound because the levels are based on the method detection limit (MDL) for each compound. The MDL represents the lowest concentration at which a constituent can be identified and measured with 99-percent confidence that the concentration was greater than zero (Wershaw and others, 1987) and varies based on the performance of the method for each compound. Some concentrations are qualified with an "E" indicating an estimated concentration. Estimated concentrations in this data set are generally a result of detections below the lowest calibration standard, or the analyte has had systematically poor recoveries throughout the development and implementation of the analytical method. These estimated concentrations have greater quantification uncertainty than do unqualified concentrations. Pesticides analyzed by the HPLC/MS method were analyzed prior to final approval of the analytical method by the USGS Office of Water Quality. The analytical method did not change following method approval, but concentrations of pesticides analyzed by this method are considered provisional (appendix 1). A purge and trap capillary-column GC/MS (Connor and others, 1998 ) was used to analyze 85 VOCs (appendix 2). As with pesticides, some concentrations are reported as estimated if (1) compounds were detected below the concentration of the lowest calibration standard, (2) surrogates indicated the method was not performing adequately, or (3) the sample was diluted.
Quality Assurance and Quality Control
The low levels at which pesticides and VOCs were analyzed during this study necessitated adequate quality-control sampling to identify bias in the methods, and to demonstrate that equipment cleaning, sample collection and processing, and analytical procedures are noncontaminating. Field qualitycontrol samples constituted about 25 percent of all samples analyzed and included blanks, replicates, and pesticide and VOC spikes. Inorganic constituent and pesticide blank data indicate that equipment cleaning procedures were adequate and noncontaminating. Several compounds were detected at low concentrations in VOC blanks. Toluene and styrene were detected in all three field blanks and toluene also was detected in the trip blank analyzed (table 1). As a result of this systematic contamination of toluene and styrene in blanks, at concentrations similar to those measured in environmental samples (table 1) , most of these data were omitted from the data set. Two toluene detections in environmental samples that occurred with other hydrocarbons and at concentrations about five times higher than concentrations in the blanks were interpreted as environmental detections. Detections of mand p-xylene and 1,2,4-trimethylbenzene in samples were omitted from the data set because of random contamination of these compounds in blanks at concentrations similar to concentrations measured in environmental samples (table 1) . Concentrations of compounds in spiked samples generally were within about 75 to 125 percent of the expected concentration, and the median recovery was 98 percent. Recoveries of several spiked compounds showed considerable systematic bias. Deethylatrazine, aldicarb, and hydroxyatrazine recoveries were low, indicating a low bias, and carbaryl and carbofuran, which historically have had poor recoveries with this analytical method (Zaugg and others, 1995) , had recoveries greater than 150 percent.
Delineation of Land Use and Soil Properties Near Sites
Land-use data for 1992 and soil data were delineated within a buffer area (3,280 foot radius=1 kilometer) around each of the sampling sites by using a GIS. Digital land-use data were derived spectrally from satellite imagery (from 1989 to 1992) and were verified using infrared aerial photography. Boundaries for wetlands and urban areas were digitized from topographic maps (Frank Sagona, Tennessee Valley Authority, written commun., 1998). Percentages of major landuse categories were calculated within the buffer areas around each site.
Values for soil hydrologic group, slope, percent clay, and organic matter content for each site were derived from the State Soil Geographic (STATSGO) database. The scale of the soil data are 1:250,000 and were developed to support regional, multistate, state, and river basin studies and resource planning (U.S. Department of Agriculture, 1994) . The scale of the data is large, but the data are adequate for characterizing differences in soil properties across the Eastern Highland Rim subunit. Procedures used to aggregate the STATSGO data are documented on the web at http://water.usgs.gov/GIS/metadata/ usgswrd/ussoils.html (accessed May 29, 2002) . Properties in STATSGO that are described by character codes such as soil hydrologic group were converted to numeric values. For this study, soil properties for a site were derived by multiplying values for organic matter content, hydrologic group, slope, and clay content of a given soil map unit by the percentage of the buffer area around a site contained within that unit. Buffers typically consisted of between one and three soil map units. Soil drainage class and soil permeability, soil properties describing the movement of water through soil, were strongly correlated to soil hydrologic group (Spearman's rho > 0.7, p=0) and were not included in the analysis. Soil hydrologic group also was strongly correlated to the organic matter content of the soils, but organic matter is included because this property has been shown to affect the movement of pesticides in the subsurface (Barbash and Resek, 1996) .
Statistical Methods
Several statistical tests were used in this study to evaluate relations between environmental factors and the presence of constituents in ground water. The Spearman rank correlation test is used to evaluate data that are not normally distributed and heavily censored (Helsel and Hirsch, 1992) . Wilcoxon rank sum tests (Helsel and Hirsch, 1992 ) are used to analyze data for fecal-indicator bacteria, pesticides, and VOCs because of the large number of nondetections for these constituents and the unknown amount of variability associated with estimated concentrations for pesticides and VOCs. Sites with a detection are compared to sites without a detection to determine if environmental factors are significantly different for the two groups of sites. Contingency tables are used with these data when the explanatory variable is categorical rather than continuous. Correlations are considered to be significant if the probability of incorrectly rejecting the null hypothesis is less than 5 percent (p < 0.05). Linear regression of log-transformed constituent concentrations with factors related to the presence of these constituents is used to determine the amount of variability in concentrations accounted for by these factors.
WATER QUALITY OF THE MISSISSIPPIAN CARBONATE AQUIFER
Sites sampled in this study are located in five different geologic formations of Mississippian age ( fig. 2 ; table 2). Selected characteristics of the sampled ground-water sites are grouped by geologic unit ( fig. 6 ). Most of the wells are cased to the top of bedrock with the remainder of the borehole open in bedrock; however, five wells are screened in gravels [B, Bangor Limestone; H, Hartselle Sandstone; M, Monteagle Limestone; T, Tuscumbia Limestone; G, well screened above bedrock; FP, Fort Payne Chert; o , degrees; ', minutes; ", seconds; --, not available; NA, not applicable; well number refers to location on figure 2. Geologic units in this 6 ). The median regolith thickness for all sites was 36 feet. Depth to water ranged from 1 to 68 feet below land surface, with a median depth of 26 feet (table 2) . Many of the wells sampled had capacities ranging from 5 to 20 gallons per minute (gal/min). Both springs and the three public-supply wells that were sampled yielded between 150 and greater than 3,000 gal/min. Samples collected from the 34 sites indicate that water in the Mississippian carbonate aquifer is predominantly a calcium bicarbonate type. Specific conductance for all samples ranges from about 30 to 1,500 microsiemens per centimeter (µS/cm) at 25 degrees Celsius (table 3) . The variability or range of specific conductance is smaller within geologic units as compared to all of the wells (table 3 and fig. 7 ), except for samples collected from the Fort Payne Chert, which account for both the highest and lowest values for specific conductance. Specific conductance generally is low (less than 200 µS/cm) for samples collected from wells completed in the Fort Payne Chert because of the large amount of siliceous material (chert) in the formation, which is relatively insoluble in water. The samples with high specific conductances are from two wells completed near the base of the formation. Ground water in these wells likely interacts with evaporites in the Fort Payne Chert or with the underlying Chattanooga Shale, resulting in a calcium sulfate type water. In addition, the residence time for ground water in these wells may be longer than in the remaining wells, allowing for greater interaction of water and rock, and leading to the higher specific conductance observed in these samples. Differences in specific conductance among wells likely is caused predominantly by lithology rather than significant differences in ground-water residence times. For example, specific conductance of samples collected from wells in the Hartselle Formation and the Fort Payne Chert typically are lower than specific conductance of samples from wells in the other formations because of the lower solubility of sandstone and chert as compared to limestone.
Dissolved-oxygen (DO) concentrations are greater than 1 mg/L at most of the sites in the study area ( fig. 7) . DO can affect the concentrations of many constituents in ground water. For example nitrogen, iron, and sulfur speciation and concentrations, as well as reactions that affect organic constituent concentrations may be affected by DO concentrations in ground water. In some ground-water systems, decreases in DO concentrations can indicate a long ground-water residence time; however, DO concentrations likely are not good indicators of ground-water residence time in this hydrogeologic setting because the formation with the highest DO concentrations ( fig. 7 ) generally has the thickest regolith ( fig. 6 ). Thick regolith overlying bedrock likely would result in longer average groundwater residence times. Furthermore, DO concentrations are inversely related to dissolved organic carbon (DOC) concentrations (Spearman's rho=-0.59, p=0.0007), suggesting DO concentrations are significantly affected by DOC concentrations in the ground water. DOC concentrations in ground water generally are low (Leenheer and others, 1974) , and elevated concentrations in the Mississippian carbonate aquifer (greater than 1 mg/L) may suggest an increase in susceptibility to contamination from surface or nearsurface sources. Recharge water with high DOC Table 3 . Water-quality properties and major inorganic constituent concentrations in samples from 32 wells and 2 springs in the Mississippian carbonate aquifer, 1999-Continued concentrations, for example runoff into a sinkhole, could rapidly lower DO concentrations in the aquifer. Elevated chloride concentrations measured in water samples may indicate increased susceptibility to contamination from surface or near-surface sources at some of the sites. Chloride is not present at high concentrations in most carbonate rocks. Chloride is a conservative constituent in ground water; that is, it does not react appreciably with the aquifer matrix or other dissolved constituents. The median concentration of chloride for all samples was about 4 mg/L ( fig. 7) . Correlations between chloride and DOC (Spearman's rho=0.49, p=0.005) and chloride and depth to bedrock (Spearman's rho=-0.59, p=0.0016) indicate that chloride concentrations may be affected by anthropogenic activities at land surface.
The quality of water from three wells completed in the Bangor Limestone differs somewhat from the quality of water in samples collected from the other geologic units. In particular, concentrations of sodium, chloride, fluoride, and DOC generally are higher in these samples collected from the Bangor Limestone than in samples collected from the other geologic units (table 3) . Given the small number of sites sampled, determining if these differences represent natural variability between geologic units or anthropogenic inputs at these sites is difficult. However, the regolith overlying bedrock for these sites is thin ( fig. 6) , and concentrations of these constituents often are influenced by anthropogenic sources.
Nutrients and Bacteria
Nitrate-nitrogen (nitrate) is the nutrient that most commonly has adverse effects on ground-water quality. In samples collected from the Mississippian carbonate aquifer, nitrate was detected more frequently and at higher concentrations than were other nutrients. Nutrients, as referred to in this report, include the various oxidized and reduced forms of nitrogen and phosphorus. Nitrate concentrations ranged from less than 0.05 to about 16 mg/L with a median of about 1.5 mg/L ( fig. 8 ) for all samples. Concentrations were less than 5 mg/L for about 90 percent of the samples; however, samples from two sites exceeded the public drinking-water maximum contaminant level (MCL) of 10 mg/L. Nitrate concentrations are correlated to both DO and chloride concentrations. The correlation between nitrate concentrations and DO concentrations in ground water is well documented (Hem, 1985) ; denitrification of nitrate often occurs in the subsurface through microbiological reactions when DO concentrations are low. If sites that had low (less than 1 mg/L) DO concentrations (sites where denitrification may be occurring) are not considered, the correlation between chloride and nitrate concentrations is stronger (Spearman's rho=0.53, p=0.02) than if those sites are included (Spearman's rho=0.36, p=0.04). Nitrate and chloride can enter ground water from similar sources, such as cropland and leaking septic systems.
Concentrations of the reduced nitrogen species (ammonia and organic nitrogen) were low in water samples from all sites. These nutrients were detected at concentrations greater than 0.1 mg/L in samples from 12 sites (table 4) and were more common and at higher concentrations in samples collected from wells that also had low DO concentrations. Ammonia and organic nitrogen concentrations correlated with DOC concentrations (Spearman's rho=0.51, p=0.004), which supports the hypothesis that elevated DOC (greater than 1 mg/L) may indicate susceptibility of (table 4) . Phosphorus is less mobile than nitrogen in the subsurface and tends to sorb to soil particles and soil organic matter. Thirty-four sites were sampled for fecal coliform and Escherichia coli (E. coli) bacteria. These bacteria are indicators of fecal contamination from humans and other warmblooded animals. Consumption of untreated fecal-contaminated ground water can pose a significant health risk. Fecal-indicator bacteria were present in samples from 14 sites (about 40 percent of the sites) and were detected in each of the geologic units ( fig. 9) . The maximum E. coli concentration of 340 colonies per 100 milliliters was in a sample collected from a site located near a cattle feedlot. Presence of fecal-indicator bacteria was not related to any other constituents.
Pesticides
Pesticides were detected in water samples collected from sites throughout the Mississippian carbonate aquifer ( fig. 10 ), but concentrations generally were low (less than 1 µg/L). Of the 34 sites sampled, a pesticide or pesticide metabolite was detected at 25 sites (74 percent). A total of 28 compounds were detected (table 5) , and the maximum concentration measured was 2.62 µg/L for metolachlor. No pesticide concentrations exceeded established MCLs for drinking water, but 23 of the 28 pesticides detected do not have MCLs. The maximum number of pesticides detected in any single sample was 17, and the total pesticide concentration was about 4 µg/L. The greatest number of pesticides were detected in and the highest concentrations generally were measured in samples collected from sites in areas predominated by cropland ( fig. 10) . The median number of pesticides detected in a single sample was three, and the median total pesticide concentration was 0.11 µg/L.
The frequency of detection generally is related to estimated use of a pesticide ( fig. 11 ). Pesticide use was estimated by using statewide application rates (Gianessi and Anderson, 1995) and crop acreages from the 1992 Census of Agriculture (U.S. Department of Commerce, 1994). Local differences in pesticide usage are not reflected in these estimates nor are changes in pesticide use between 1992 and 1999. Fluometuron, atrazine, and norflurazon, the three most frequently detected pesticides, are among the highest in estimated application rates (table 5). Fluometuron was detected at concentrations greater than 0.01 µg/L in samples collected from 10 sites (29 percent) with a maximum concentration of 2.26 µg/L. Atrazine and norflurazon also were detected frequently (26 percent of the samples, each) with maximum concentrations of 0.122 and 0.523 µg/L, respectively. The presence of pesticides was not related to other water-quality constituents with the exception of nitrate, which was related to the detection of these three pesticides (p<0.01). This relation suggests a common source of nitrate and pesticides to the aquifer. Pesticide metabolites account for 25 percent of the total number of compounds detected, but represent only 13 percent of the compounds analyzed (appendix 1). The most frequently detected pesticide is deethylatrazine (38 percent of samples), an atrazine metabolite. Metabolites detected in ground water generally are more water soluble than are their parent compounds, and the toxicological effects of metabolites and their parent compounds may be similar (Barbash and Resek, 1996) . For the pesticides having greater than 50,000 pounds of estimated use, atrazine and aldicarb are the only pesticides for which metabolites were analyzed (table 5). In samples in which atrazine was detected, at least one atrazine metabolite also was detected at concentrations comparable to or greater than atrazine ( fig. 12 ). The maximum concentration of total atrazine residue (atrazine plus metabolites) was about four times the maximum atrazine concentration of 0.122 µg/L (fig. 12) . Aldicarb was not detected in any of the samples; however, metabolites of aldicarb were detected in about 20 percent of the samples (table 5) .
Several pesticides having high estimated use (greater than 48,000 pounds) were not detected in ground-water samples (table 5) . Cyanazine, 2,4-D, and pendimethalin were not detected in ground-water samples during this study; however, detection of these pesticides in more than 10 percent of water samples collected at two surface-water sites in the Eastern Highland Rim subunit during the same timeframe as this study (Hoos and others, 2002) indicates that the pesticides are used locally. Detection of these pesticides in surface water but not in ground water in this setting indicates that movement of these pesticides into ground water in the Mississippian carbonate aquifer is not significant. Few detections of malathion and no detections of methyl parathion and trifluralin in surface-water samples indicate that transport of these compounds to ground or surface water is limited, or that use of these compounds may be overestimated (table 5) . Samples were not analyzed for monosodium methane arsonate (MSMA), the pesticide with the highest estimated use.
Several pesticides for which estimated-use data are not available were detected frequently. Bromacil and prometon were detected in six samples, and tebuthiuron was detected in three samples at low-level concentrations (table 5) . These herbicides have noncropland uses such as along railroads and utility rights-of-way. Dieldrin, which was last used for termite control in the late 1980s and on cropland in the 1970s, was detected in six samples (18 percent Pesticides detected in the Mississippian carbonate aquifer generally correspond to those detected most frequently in ground water across the Nation. About 1,850 wells have been sampled in subunit surveys as part of the National Water-Quality Assessment Program (Dana Kolpin, U.S. Geological Survey, written commun., 2000). Pesticide detection frequencies were higher in this study (at a common reporting level of 0.05 µg/L) than in nationwide studies; however, the magnitude of pesticide concentrations generally were comparable to or lower than the maximum concentrations measured in other areas of the country ( fig. 13 ). Fluometuron and norflurazon, cotton-specific herbicides, were detected more frequently in this study than in other areas sampled in the NAWQA program. These high frequencies of detection relative to the national data set reflect the limited use of these pesticides in other areas of the country. Only one other NAWQA study unit had significant estimated use of fluometuron and norflurazon (Thelin and Gianessi, 2000) . In 
Volatile Organic Compounds
VOCs were detected frequently in the Mississippian carbonate aquifer; however, concentrations generally were low (less than 1 µg/L). At least one VOC was detected at 26 of the 32 sites sampled (81 percent); of the 86 VOCs analyzed (appendix 2), 19 were detected (table 6). Two sites were not sampled for VOCs. The maximum concentration measured was about 7.5 µg/L for trichloroethylene, one of several chlorinated solvents detected. The maximum concentrations measured for trichloroethylene, tetrachloroethylene, and 1,2-dichloropropane (table 6) equaled or exceeded the drinking-water MCL of 5 µg/L for each compound. The maximum number of VOCs detected in a sample was 14, and the maximum total VOC concentration was about 14 µg/L. The median number of VOCs detected in a sample was two. VOCs were detected in samples from each geologic unit, generally at similar concentrations ( fig. 14) .
Chloroform was the most frequently detected VOC ( fig. 15 ), present in 21 samples (66 percent). Fifteen of the chloroform detections are estimated concentrations ranging between 0.01 and 0.09 µg/L. In most of these samples, chloroform was either the only VOC detected, or one of only two VOCs detected. These low-level chloroform concentrations were found in samples collected throughout the Eastern Highland Rim subunit, which suggests widespread sources for chloroform. Possible sources include recharge to the aquifer of treated drinking water from lawn watering, formation of chloroform in the aquifer from domestic well disinfection with bleach, or formation in the subsurface by microbes (Hoekstra and others, 1998; Laturnus and others, 2000) . In contrast, the remaining six samples had concentrations ranging from 0.22 tο 0.84 µg/L, with other chlorinated solvents also detected in these samples. These detections are likely related to point sources of contamination. Some of the low-level VOC concentrations detected (less than 0.1 µg/L) may be the result of partitioning of atmospheric concentrations of VOCs into rainfall that recharges the aquifer. For example methyl tert-butyl ether (MTBE), a fuel additive used to increase octane and improve air quality, was detected at low concentrations (less than 0.25 µg/L) in samples from five sites (table 6). Baehr and others (1999) reported that measured atmospheric concentrations of MTBE in New Jersey correspond to aqueous MTBE concentrations of about 0.1 µg/L, and that atmospheric deposition is a possible source for lowlevel concentrations in ground water. Squillace and others (1996) hypothesized that frequent low-level detections of MTBE in samples without other fuelrelated VOC detections may be a result of an atmospheric source. In three of the samples collected from the Mississippian carbonate aquifer, MTBE was detected at low concentrations (less than 0.1 µg/L) and was the only fuel-related VOC present. These lowlevel detections may indicate an atmospheric source of MTBE.
VOCs detected in ground-water samples from the predominantly rural sites of the Mississippian carbonate aquifer were detected at higher frequencies than in ground-water samples from other rural areas across the Nation (fig. 15 ). The frequency of detection and median concentration of VOCs detected in this study were compared to VOC data from 2,542 wells in rural areas sampled by the USGS, local, State, and other Federal agencies as part of the NAWQA Program (Squillace and others, 1999) . With the exception of MTBE, all VOCs with detections of 0.2 µg/L and greater ( fig. 15) were detected more frequently in samples collected from the Mississippian carbonate aquifer than in samples collected from across the country. Tetrachloroethylene, trichlorofluoromethane, and trichloroethylene had higher median concentrations (median of detections greater than 0.2 µg/L) in samples from the Mississippian carbonate aquifer than EXPLANATION from the national data set ( fig. 15) . Many of the compounds detected in Mississippian carbonate aquifer samples were detected at concentrations below the 0.2-µg/L adjusted reporting level, and several compounds were detected only once (no median on figure 15B ). Squillace and others (1999) used the VOC data from these rural and also urban areas to model VOC occurrence as a function of population density. They estimated that about 7 percent of the ambient ground water in the United States contains a VOC at greater than 0.2 µg/L. About 22 percent of the sites sampled in the Mississippian carbonate aquifer had a VOC detection greater than 0.2 µg/L.
FACTORS THAT AFFECT WATER QUALITY OF THE MISSISSIPPIAN CARBONATE AQUIFER
Many processes and environmental factors affect the occurrence, movement, and fate of nutrients, bacteria, pesticides, and VOCs in ground water. For this report, univariate analysis of site characteristics, hydrogeology, soil properties, and land-use data (table 7) was used to identify those factors related to the occurrence of these constituents in this hydrogeologic setting. Correlation of water-quality data with an environmental variable does not necessarily imply a cause-and-effect relation. Additional variables or processes not evaluated may be the underlying causal factors. Characterization of the recharge area of these sites is difficult because of the karst hydrology of the Mississippian carbonate aquifer and the limited hydrologic data available for each site. Given the shallow depth to water, the range in well capacities, and the scale of soil properties and land-use data, a buffer area around each site with a 3,280-foot (1-kilometer) radius was selected. This buffer size was considered likely to contain at least part of the recharge area of a site and is comparable to buffers used in similar evaluations (Kolpin, 1997) . This analysis served as a starting point for evaluating the relation between water quality and land use or soil properties and whether this type of analysis is appropriate for a karst aquifer.
Relation of Natural Setting to Water Quality
Site characteristics and hydrogeology generally are not explanatory variables for the occurrence and distribution of bacteria, nutrients, pesticides, and VOCs in the Mississippian carbonate aquifer. The presence of these constituents did not correlate to well depth, age of the well, thickness of regolith overlying bedrock, nor the presence of sinkholes near a site. The lack of a significant relation between factors such as well depth and thickness of regolith may be, in part, the result of the relatively narrow range in values for some of these variables.
Presence of fecal-indicator bacteria is weakly related to the depth to water in wells. The median depth to ground water in wells with a detection of either E. coli or fecal coliform was about 12 feet, in contrast to a median depth of about 35 feet to ground water in wells where fecal-indicator bacteria were not detected (p=0.09). A higher frequency of detection in shallower ground water may be the result of lower mortality rates and less retention of bacteria in thinner unsaturated zones. Soil moisture is a significant factor for survival of bacteria in the subsurface (Gerba and Bitton, 1984) . No other constituents correlated with depth to water in the wells.
Most soil properties evaluated were not related to the presence of bacteria, nitrate, or VOCs in the Mississippian carbonate aquifer. Nitrate concentrations appear to be related to soil organic matter content, but the inverse relation between the two is weak (p=0.06). High organic matter content in soils may facilitate denitrification and result in low concentrations of nitrate in ground water in this setting. Soil properties near sites with pesticide detections were compared (Wilcoxon rank sum test) to sites without detections to determine if soil properties were related to pesticide detections in ground water. Of the soil properties compared, soil hydrologic group and organic matter content of the soils appear to be related to pesticide detections. Hydrologic groups refer to soil groupings based on their runoff-producing characteristics, that is, the infiltration rate of water (and solutes) when the soils are wet (U.S. Department of Agriculture, 1994) . Pesticides were detected at sites where soils have high infiltration rates and low organic matter content (p=0.02 and p=0.03, respectively). Although hydrologic group and organic matter content are not independent of each other, both affect the movement of pesticides in soil in other settings (Burkart and others, 1999) . Organic matter in soil can serve as a sink for pesticides and limit movement into ground water. Soil hydrologic group appears to be related to the presence of atrazine and fluometuron (p < 0.01), two high-use herbicides. Soil organic matter content also seems to be related to fluometuron detections (p < 0.001) as was soil slope, though this relation was weaker (p=0.04). Fluometuron was detected in wells overlain by soils with low organic matter content and low slopes. Estimated use (table 5) , application rates, solubility, half-lives, and soil sorbtion coefficients are similar for both pesticides. The stronger relation of fluometuron detections to soil properties may result in part because cotton acreage, and thus fluometuron use, is more prevalent in areas with soils with better drainage and high infiltration rates. Time since application of the two pesticides with respect to when the samples were collected also could be a factor for apparent differences between atrazine and fluometuron detections with respect to soil properties. 
Relation of Land Use to Water Quality
Land uses that were most likely to affect the presence of fecal-indicator bacteria, nitrate, pesticides, and VOCs in the Mississippian carbonate aquifer included urban, cropland, and pasture land. The scale of the land-use data, or size of the land-use polygons in the GIS coverage, resulted in an underestimation of the amount of urban or suburban land use within the buffer areas around sites. Therefore, in addition to urban land use, the presence of potential point sources of VOCs, such as gas stations, dry cleaners, and automotive repair shops within about a 1,640-foot radius of a site, were evaluated with respect to VOC detections. This distance, rather than a 3,280-foot radius, was used because of the data requirements for the national synthesis of NAWQA ground-water data.
Fecal-indicator bacteria presence was not found to be associated with a specific land use near a site. In this karst aquifer, transport of bacteria over considerable distances is likely and complicates interpretation of the data with respect to land use. Rainfall/recharge events also may affect the presence of bacteria in karst aquifers (for example, Mahler and others, 2000) . Lack of a relation between bacteria presence and a specific land use near these sites suggests that bacterial contamination of ground water in this setting is the result of numerous local or point sources, such as failing septic systems, leaking sewers, or animal feedlots.
Nitrate concentrations appear to be related to land use near each site, and inversely related to the amount of forested land near a site (Spearman's rho=-0.47, p=0.007). Five sites with greater than 50 percent forested land have nitrate concentrations less than 1 mg/L, indicating that background concentrations in this aquifer may be less than 1 mg/L. DO concentrations of these samples ranged between 0.1 and 5.2 mg/L, indicating denitrification is not affecting nitrate concentrations appreciably. Assuming background concentrations of nitrate are less than 1 mg/L, nitrate concentrations seem to reflect anthropogenic activities at about 65 percent of the sites. About 40 percent of the samples had nitrate concentrations greater than 2 mg/L, which is often cited as a threshold concentration indicating anthropogenic effects on ground-water quality (Mueller and Helsel, 1996) .
The amount of cropland near a site is correlated to nitrate concentration (Spearman's rho=0.35, p=0.05) in samples ( fig. 16 ). This relation, however, is dependent on two samples with high nitrate concentrations from two sites with the highest percentage of cropland use ( fig. 16 ). Potential point sources of nitrogen include an animal feedlot and a small cooperative fertilizer storage facility, which are located near these sites. The elevated concentrations (greater than 5 mg/L) in these samples could be the result of both point and nonpoint sources of nitrogen. Linear regression of log-transformed nitrate concentrations with cropland and dissolved oxygen accounts for about 48 percent (r 2 =0.48) of the variability in nitrate concentration. Pesticide detections also appear to be related to the amount of cropland near a site (p=0.02). All sites with more than 20 percent cropland within the buffer area had at least one pesticide detection ( fig. 17) . A correlation between the amount of cropland and pesticide detection also exists for fluometuron (p=0.02); however, the relation is less significant for atrazine (p=0.06). Non-agricultural uses of atrazine may account for the weaker relation of atrazine detections with cropland. Pesticides not used on cropland (prometon and tebuthiuron) generally were detected at sites with the greatest amount of urban land use (greater than 50 percent) and at sites located near railroads and highways, which were not accounted for by the land-use data.
The correlation of pesticide detections with both cropland and soil properties raises a question: is pesticide presence determined by both factors, or do soil properties influence land use which, in turn, determines pesticide use and therefore detection? Although the amount of cropland near a site is related to the soil hydrologic group (fig. 17) , the highest total pesticide concentrations generally are found at sites with the greatest amount of cropland and soils having higher infiltration rates. Linear regression of log-transformed values of the total pesticide concentration measured at a site, with cropland and hydrologic group accounts for about 45 percent (r 2 =0.45, p < 0.001) of the variability in the total pesticide concentration.
The presence of VOCs is not significantly related to urban land use near the sites or to potential point sources near a site. A statistically significant relation between land use and VOC detections probably does not exist because VOCs in ground water generally are the result of point releases, though widely distributed, and the land-use data do not adequately account for the distribution of these sources. Although a relation between urban land use and VOC detections is not indicated by the data set, two of the three sites with the highest concentrations (greater than 5 µg/L) of VOCs and the largest number of compounds detected (greater than 10) are located in areas with high percentages of urban land use. The third site, where more than 10 VOCs were detected and TCE was detected at 7.48 µg/L, is located a little more than a mile from a military base where VOC contamination of ground water has been documented (Haugh, 1996) . The compounds detected at the third site are indicative of contamination from the military base (C.J. Haugh, U.S. Geological Survey, oral commun., 2000) . The VOC data indicate that the karst hydrogeology of the Mississippian carbonate aquifer allows ground-water contaminants to be transported over distances greater than a mile, at environmentally significant concentrations.
The frequent detection of chloroform at low concentrations throughout the Eastern Highland Rim subunit suggests widespread sources of contamination. Sites with samples having low-level, estimated concentrations were compared to sites without any chloroform detections. Samples with chloroform concentrations greater than 0.1 µg/L and with additional solvents present in the sample were excluded from this evaluation. Samples with lowlevel detections of chloroform generally were from sites having high percentages of wetlands nearby (p=0.03). This relation may indicate that chloroform at low concentrations is the result of biogenic processes in the subsurface near wetland areas. Laturnus and others (2000) concluded that chloroform concentrations measured in groundwater samples collected from a spruce forest site were the result of chloroform formation in forest soil. Data describing the distribution of other possible sources of chloroform, such as watering of lawns with treated water and chlorination of domestic wells, were not available; therefore, the effects of these sources could not be evaluated.
SUMMARY AND CONCLUSIONS
Water-quality data for nitate, fecal-indicator bacteria, pesticides, and VOCs collected from a network of randomly selected sites in the Mississippian carbonate aquifer in parts of northern Alabama and Middle Tennessee in 1999 indicate that this aquifer is susceptible to contamination from point and nonpoint sources. For example, pesticides and VOCs were detected at 74 and 81 percent of the sites sampled, respectively. Most of these compounds were detected more frequently in this study than in other NAWQA well networks in other settings; however, the magnitude of pesticide concentrations generally were similar and most VOC concentrations were lower than in other NAWQA studies. This relatively high frequency of detection is likely the result of a number of factors, including shallow depth to ground water (generally less than 50 feet), low organic content of soils, moderately well to well-drained soils, and the karst ground-water flow system where the potential for rapid contaminant transport is high.
Nitrate concentrations in the Mississippian carbonate aquifer are mostly affected by the geochemistry (for example, dissolved-oxygen concentrations) in the aquifer and nonpoint sources of nitrogen (land use). In general, nitrate concentrations are low. Concentrations exceeding the drinking-water standard are infrequent (less than 6 percent of sites) and more likely in areas with large amounts of cropland (greater than 50 percent) or a nearby point source. About 40 percent of the sites had nitrate concentrations greater than 2 mg/L, which is often cited as a threshold concentration for indicating anthropogenic effects on ground-water nitrate concentrations; however, background nitrate concentrations in this setting may be as low as 1 mg/L. If 1 mg/L is used as an indicator of anthropogenic effects on water quality in this aquifer, then about 65 percent of the sampled sites have increased concentrations of nitrate. The correlation of nitrate concentrations to the amount of cropland near a site and pesticide detections indicate that fertilizer application is the predominant source of nitrate to the aquifer.
Although fecal-indicator bacteria are not the most frequently detected ground-water contaminant, they indicate the most significant short-term health risk from consumption of untreated ground water. The probability of fecal contamination of wells is relatively high in this setting, but predicting where that contamination is likely to occur is difficult. Fecalindicator bacteria were present at about 40 percent of the sites, but their occurrence did not correlate with most environmental factors that were evaluated. Wells or springs with a shallow depth to ground water and a potential point source nearby are likely the most susceptible. Additional data are needed to identify the sources and to better understand the processes that affect the occurrence and movement of bacteria in this setting.
Pesticide concentrations generally were low. Only fluometuron, diuron, and metolachlor were detected at concentrations greater than 1 µg/L, and the maximum total pesticide concentration measured in a sample was about 4 µg/L. Frequent detections of metabolites of high-use pesticides, typically at concentrations greater than the parent compounds, indicate that the total concentration of pesticides could be considerably higher if additional metabolites were analyzed. Pesticide use (amounts used and proximity of a site to areas of use) and soil hydrologic group are the primary factors evaluated that affect the detection of pesticides in ground water in this setting.
The presence of VOCs in the Mississippian carbonate aquifer was not related to any of the environmental factors considered. Chlorinated solvents, which are some of the more persistent VOCs, were detected at the highest concentrations (up to 7.5 µg/L) and were the only VOCs that exceeded drinking-water standards. Higher total VOC concentrations and greater numbers of compounds generally were associated with a higher percentage of urban land use near a site. Lowlevel concentrations of chloroform and MTBE may be related to biogenic and atmospheric sources of these compounds, respectively.
The relation between land use and water quality was stronger for constituents that are contributed to the environment systematically as a result of land use (fertilizer and pesticide application), rather than inadvertently in areas of a given land use (leaking septic tanks or chemical spills or leaks). The use of circular buffer areas to characterize land use and soils near sites sampled in this karst aquifer helped explain some of the variation in nitrate concentration and occurrence of pesticides; however, finer scale land-use and soil data and buffer-area size based on well capacities and withdrawals might help to strengthen this analysis.
APPENDIXES
Pesticides in italics in appendix 1 were analyzed by a new HPLC/MS method before final approval of the method by the U.S. Geological Survey's Office of Water Quality in 2001. Although the analytical method did not change following approval, data analyzed before method approval are considered provisional. Seventy percent of the samples analyzed with this method in this study exceeded the recommended 4-day holding time prior to sample extraction (Furlong and others, 2001) . Degradation of pesticides during extended sample storage is likely, and concentrations and detection frequencies for the pesticides analyzed by this method may be biased low. 
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